Introduction and Study Objectives
ENERGY STAR is a voluntary labeling program operated jointly by the U.S. Department of Energy (US DOE) and the U.S. Environmental Protection Agency (US EPA). US DOE and US EPA enter into partnerships with manufacturers and key stakeholders to promote products that meet energy efficiency and performance criteria established by the agencies. The ENERGY STAR label allows consumers to more easily identify and purchase energy efficient products. By transforming the market for high efficiency products, US DOE and US EPA reduce air pollution and greenhouse gases associated with the consumption of energy. For a more detailed description of the ENERGY STAR program, refer to McWhinney et al. (2005) and Brown et al. (2002) . Webber et al. (2000) first published an overview of savings for the United States Environmental Protection Agency's (US EPA) ENERGY STAR labeled products. Since the 2000 publication, US EPA has added numerous new product types to its program and revised eligibility requirements for key product categories.
Several important methodological changes to the savings analysis have been made to more accurately quantify program impacts. In this article, we address the following questions for US EPA ENERGY STAR labeled product types included in our analysis:
• How are ENERGY STAR impacts quantified?
• What are ENERGY STAR achievements?
• What are the limitations to our method?
We begin by providing an overview of our methodology and then present a discussion of analysis results.
Study Scope
ENERGY STAR consists of four programmatic areas: products, buildings and industrial plants, home performance, and new homes. Complete descriptions of these program areas can be found at www.energystar.gov. This article focuses only on labeled products such as office equipment, appliances, and electronics that are administered by US EPA. This article does not cover savings for buildings and industrial plants, home performance, new homes, or labeled products administered by US DOE. The methodologies for quantifying savings for these program segments are significantly different than the methodology outlined in this paper (for US EPA labeled products). We cannot address these additional methodologies and results with the necessary detail within the scope of this paper. See Horowitz (2001 Horowitz ( , 2004 Horowitz ( , 2007 ENERGY STAR product types are shown in Table 1 . For each product type, we list the program start year and the dates for subsequent specification revisions. All product types included in this analysis are either new ENERGY STAR products or have had eligibility requirements revised since Webber et al. (2000) . Since 2000, US EPA developed ENERGY STAR criteria for the following new product types:
• battery charging systems
• bottled water coolers
• ceiling fans
• commercial fryers
• commercial hot food holding cabinets
• commercial refrigerators and freezers
• commercial steam cookers
• dehumidifiers
• digital TV adapters
• external power supplies
• light commercial HVAC
• refrigerated beverage vending machines
• room air cleaners
• set-top boxes
• telephony
• traffic lights
• ventilation fans
The following existing product specifications were revised since 2000:
• air source heat pumps
• audio equipment and DVD
• boilers
• central air conditioners
• computers
• exit signs
• furnaces
• geothermal heat pumps
• imaging equipment
• residential light fixtures
• roofing,
• televisions and videocassette recorders ENERGY STAR specifications were suspended for the following product types:
• programmable thermostats
• traffic signals
• transformers 1992 , 2009 Copiers 1995 , 2009 Dehumidifiers 2001 2006 , 2008 1992 , 1998 , 2005 , 2006 Multifunction devices 1997 , 2009 Printers 1993 , 2009 4, 5 Buildings and industrial plants 6 1991 1995, 1999, 2000, 2001, 2002, 2004, 2006 , 2006 Refrigerators and freezers 1996 , 2008 Room air conditioners 1996 , 2005 Windows, doors, and skylight 1997 , 2005 1) Audio includes CDs, mini-systems, audio separates, and home theater in a box.
2) CAC =central air conditioning, ASHP = air source heat pump, HP = heat pump, DVD = digital versatile disc, CFL = compact fluorescent lamp, HVAC = heating ventilation and air conditioning, VCR=video cassette recorder.
3) Specification revisions that resulted in program suspension are indicated with an "*" 4) CFLs, clothes washers, dishwashers, refrigerators and freezers, room air conditioners, windows/doors/skylights are US DOE products and are not covered in this paper. 
Program Attribution
Numerous supporting stakeholders including utilities, regional energy partnerships, energy consortiums, and non-profit organizations leverage the ENERGY STAR program nationally. All stakeholders work towards advancing ENERGY STAR goals, improving ENERGY STAR consumer awareness, and promoting the sales of ENERGY STAR products. This paper provides a top-level summary of national savings achieved by US EPA ENERGY STAR voluntary product labeling and does not make an attempt to attribute the national savings across federal, regional, state and/or local efforts.
Technical Approach

Overview
We employ a bottom-up methodology for quantifying savings for US EPA (Porter et al. 2006; Nordman and McMahon, 2004; Roth and McKenny, 2007) .
In cases where other organizations have collected market and engineering data pertaining to ENERGY STAR product types, we integrate the data as applicable. We also work with the US DOE's Energy Information Administration (US EIA) to harmonize inputs with the National Energy Modeling System (NEMS), which is used to generate national energy forecasts at both the sector and end-use level. In particular, we share data on product power consumption, usage, total energy, and ENERGY STAR market shares for product types that are individually treated in both models, including residential heating and cooling equipment, televisions and set-top boxes, home computers, commercial office equipment, and lighting.
Methodology Summary
We begin the analysis by segmenting sales of each product type into non- 2002 -2006 , 2006a , 2006b The ENERGY STAR UECs for office equipment and consumer electronics are estimated to be the average UEC of ENERGY STAR qualified products sold in the market in a given year based on manufacturer energy consumption test data for qualified products and independent field testing. For all other product types, the ENERGY STAR UEC is calculated based on the minimum program requirements.
The unit energy savings (UES) for each product type is the difference between the BAU UEC and the ENERGY STAR UEC in a given year. The UES for most product types changes over time due to specification revisions, usage pattern changes, and changes to the BAU efficiency. To account for this variation, we calculate the energy savings for each year's ENERGY STAR sales and then use a retirement function to add up the savings for all the equipment vintages in place in a given year. We assume that ENERGY STAR units remain in service and accrue savings for a period equal to the average product lifetime.
Aggregate energy bill savings are estimated using year-by-year energy prices from US DOE shown in We refer to this component of our methodology as a market transformation effect.
This methodology assumes that units that met previous ENERGY STAR levels continue to be in compliance with previous levels despite no longer being labeled ENERGY STAR (i.e., manufacturers do not change the design of these previously qualified products to be less efficient). To date, energy consumption test data for non-qualified models submitted by manufacturers to US EPA during a subsequent specification revision support this assumption. In reference to our general program savings equation, the market transformation effect means that in any given year n, the number of units sold for a single product type that will accrue program savings (X) is equal to: where t is the current Tier of the ENERGY STAR specification in year n. 
Product Category Overview
Our analysis groups ENERGY STAR product types into the following categories: office equipment, consumer electronics, heating/ventilation/air conditioning (HVAC), lighting, residential appliances, commercial appliances, and other. We summarize our methodology for each product category below.
Office Equipment
Office equipment includes computers, copiers, facsimile machines, monitors, multifunction devices (MFD), printers, and scanners. ENERGY STAR computers and monitors incorporate a sleep mode in which a product enters a low power mode after a period of inactivity. ENERGY STAR computers and monitors must meet maximum power requirements in sleep mode, standby mode and on or idle mode. ENERGY STAR imaging equipment must meet either a maximum total energy consumption (TEC) We model residential and office settings separately due to different usage patterns. Commercial operating patterns are derived from equipment audits at various locations that provide time spent in each operating mode, nighttime turn-off rates, and power management success rates (Piette et al. 1995; Nordman et al. 1998; Webber et al. 2001; Roberson et al. 2004) . Operating patterns for residential computers are derived from hours-of-use monitoring for a large sample of residential computer users (Media Metrix 2001). Operating patterns for residential monitors, MFDs, printers, and scanners are from field measurement data for a sample of California homes (Porter et al. 2006 ).
We calculate the BAU and ENERGY STAR UEC by multiplying the time spent in each power mode by the power consumption in each mode, then summing over all power modes. Low power savings are only realized for ENERGY STAR products that are successfully power managing (Roberson et al. 2004 ).
Consumer Electronics
Consumer electronics include audio equipment and DVDs, battery charging systems, external power supplies, set-top boxes, telephony, TVs, and VCRs. ENERGY STAR for audio/DVD, set-top boxes, telephony, and TV/VCR products focuses on reducing the power consumption of a device in its standby mode. Savings are assumed to accrue in both active and standby mode since efficiency improvements to achieve standby savings (like remote control and memory) reduce power whether the device is in 
Residential HVAC
The HVAC program covers air-source heat pumps (ASHP), boilers (gas and oil), central air conditioners (CAC), furnaces (gas and oil), geothermal heat pumps, and We assume a daily operating time for the fan of 9 hours in the south and three hours elsewhere. We assume the lighting is operated three hours per day.
ENERGY STAR dehumidifiers must meet energy performance requirements specified in terms of kWh of energy used per liter of water removed from the air. Refrigerated beverage vending machines include both newly manufactured and refurbished units. Units are modeled by the following can capacities: less than 500, 500-600, 600-700, and greater than 800. Baseline UECs are taken from product energy consumption test data gathered by Horowitz (2002) . ENERGY STAR UECs are calculated as the required percentage reduction in energy consumption from the current Canadian minimum efficiency standard. UECs also include a standby consumption and an enabling rate for ENERGY STAR units that enter a low power mode after a period of inactivity.
Other Products
Other ENERGY STAR products include transformers (commercial/industrial and utility) and roofing (residential and commercial). Commercial/industrial transformers assume a BAU UEC for a unit with a 45 kVA rating, a load factor of 35% and a 97.3%
efficiency (Suozzo and Nadel, 1998) . ENERGY STAR requires an efficiency of 98% based on the specification average of single phase and three phase transformers. Utility transformers assume a BAU UEC for a unit with a 25 kVA rating, a load factor of 30%, and an efficiency of 98.5%. ENERGY STAR requires an efficiency of 98.65% (ORNL 1996) . The ENERGY STAR specification for transformers was suspended in 2007 due to a new federal minimum efficiency standard and we do not assume any additional savings throughout the forecast period.
ENERGY STAR roofing has a higher reflectivity than standard roofing in order to reduce heat gains into the building and the resulting cooling load. UES for ENERGY STAR roofing are based on a US average derived from a study of 11 metropolitan areas including: Atlanta, Dallas, Chicago, Houston, Los Angeles, Miami, New Orleans, New
York, Philadelphia, Phoenix, and Washington DC. Savings are expressed in primary energy and include cooling savings and increased energy use during the heating season (Konopacki et al. 1997 ).
Results
Savings for US EPA ENERGY STAR labeled products
Through 2006, US EPA's ENERGY STAR labeled products saved 4.8 EJ of primary energy, $47 billion dollars in energy bills (discounted at 4%), and avoided 82 Tg C equivalent (eq.) through its voluntary program efforts (Table 4) . Although US EPA ENERGY STAR labeled products encompass over forty product types, only six of those product types accounted for 70% of all ENERGY STAR carbon reductions achieved to date. Those product types are as follows (ranked by total carbon avoided through 2006):
• Monitors: 33.4 Tg C (41% of total)
• Printers: 10.6 Tg C (13% of total)
• Residential light fixtures: 4.0 Tg C (5% of total)
• TVs: 3.9 Tg C (4% of total)
• Furnaces: 3.5 Tg C (4% of total)
• Computers: 3.2 Tg C (4% of total) 1) Columns may not total due to rounding. 2) Electricity is converted to primary energy using a conversion factor listed in Table 2 3) Disc = discounted, energy bills are calculated using yearly U.S. average energy prices (Table 2) and are discounted at 4% 4) Carbon emissions for electricity are listed in Table 2 .
Over the period 2007 to 2015, US EPA's ENERGY STAR labeled products are projected to save 12.8 EJ of primary energy, $90 billion dollars in energy bills (4% discount rate), and avoid 203 Tg C eq. For reference, these carbon savings represent 3.3% of the projected US carbon emissions for the residential and commercial sectors over this period (US DOE 2007) . The following product types account for 70% of future carbon avoided:
• Monitors: 33.5 Tg C (17% of total)
• Printers: 24.9 Tg C (12% of total)
• Computers: 21.8 Tg C (11% of total)
• Residential light fixtures: 19.3 Tg C (10% of total)
• TVs: 18.0 Tg C (9% of total)
• Furnaces: 8.6 Tg C (4% of total)
• Commercial roofing: 8.5 Tg C (4% of total)
• MFDs: 7.0 Tg C (3% of total)
Growth in savings due to US EPA's ENERGY STAR labeled products can be attributed to any of the following factors:
• addition of new product types to the ENERGY STAR brand;
• BAU technology trends and/or market changes that result in higher per unit savings for existing ENERGY STAR product types;
• increasing ENERGY STAR sales for existing ENERGY STAR product types;
• and/or future specification changes resulting in higher per unit savings for existing ENERGY STAR product types.
In terms of incremental carbon avoided in the forecast period (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) above the achieved carbon avoided to date (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) , the following are the top four growing ENERGY STAR product types. These product types account for half of the absolute increase in carbon avoided during the forecast period:
• Computers (delta 18.6 Tg C): growth in savings is primarily due to the addition of idle power energy requirements to the ENERGY STAR specification as well as tighter requirements for sleep and off mode. Idle mode savings are important because of low enabling rates (only 6% of desktop computers in the commercial sector power manage successfully even though 95% of office computers are equipped with power management capabilities). Office computers spend approximately 70% of the annual operating time in idle mode compared to only 4% of the annual operating time in sleep mode; residential computers spend 31% of the annual operating time in idle mode compared to only 6% of the annual operating time in sleep mode.
• Residential light fixtures (delta 15.3 Tg C): growth in savings is primarily due to the increase in ENERGY STAR unit sales. We project that the ENERGY STAR market share will increase from 4.6% in 2006 to 6.5% by 2015.
Because the US sales volume is large, topping 200 million units each year, this program growth translates into an increase in ENERGY STAR unit sales from 11 million in 2006 to 18 million in 2015. The installed stock of ENERGY STAR units similarly climbs due to a 20-year average product lifetime.
• Printers (delta 14.3 Tg C): growth in savings is primarily due to the revision of the ENERGY STAR specification to reflect a TEC approach that targets all modes of operation in addition to just sleep and off mode. We estimate that printers are in active or job mode 20% of the annual operating time, in sleep mode 70% of the annual operating time, and in off mode 10% of the annual operating time.
• TVs (delta 14.1 Tg C): growth in savings is primarily due to the market shift away from CRT technology towards LCD technology. At the start of ENERGY STAR TVs in 1998, CRT technology was 100% of the market. By 2015, the market share for CRT TVs is projected to be only 2% and the market share for LCD TVs is over 60%. The UES for CRTs is only 46 kWh/yr whereas the UES for LCDs is 89 kWh/yr. The difference in UES is due to a higher standby power for LCDs in our BAU (11 W LCD vs. 6 W CRT). 
Sensitivity Analysis
One method of addressing the uncertainty inherent in the model is to bracket the projected "best estimate" savings by varying key inputs that globally affect the model results. We examined the sensitivity of the best-estimate carbon reductions under the following scenarios for the periods 1993 to 2006 and 2007 to 2015:
• the marginal carbon factor for electricity was reduced by 20%, ENERGY STAR sales were reduced by 20% (low CF/low MP)
• the marginal carbon factor for electricity was increased by 20%, ENERGY STAR sales were increased by 20% (high CF/high MP)
• the marginal carbon factor for electricity was reduced by 20% and ENERGY STAR sales were increased by 20% (low CF/high MP) 
Limitations to the Analysis
The analysis is based on a bottom-up model for quantifying US EPA ENERGY STAR labeled product savings. General limitations to a bottom-up approach occur in two main areas: 1) the model requires numerous detailed inputs to generate the end result and;
2) uncertainty in those inputs are additive through the process. These limitations mean that collecting and documenting high-quality inputs is essential, which can be a laborintensive and expensive process. As a result, identifying areas of critical uncertainty and sensitivity and then targeting data collection and verification activities at those areas is key to successful results. We generalize specific limitations to three main areas:
forecasting, inputs, and model structure as shown in Table 5 . 
